Although two strand transfer events are indispensable for the synthesis of double-stranded DNA and establishing HIV-1 infection, the molecular basis of these phenomena is still unclear. The first obligatory template switching event occurs just at the beginning of the virus replication cycle and involves two copies of the 97-nucleotide long R region, located one each at the both ends of the HIV-1 genome (HIV-1 R). Thus, one can expect that the molecular mechanism of this process is similar to the mechanism of homologous recombination which operates in RNA viruses. To verify the above-mentioned hypothesis, we attempted to assess the recombination activity of HIV-1 R. To this end, we tested in vitro, how effectively it induces template switching by HIV-1 RT in comparison with another well-characterized sequence supporting frequent homologous crossovers in an unrelated virus (R region derived from Brome mosaic virus -BMV R). We also examined if the RNA sequences neighboring HIV-1 R influence its recombination activity. Finally, we tested if HIV-1 R could cause BMV polymerase complex to switch between RNA templates in vivo. Overall, our results have revealed a relatively low recombination activity of HIV-1 R as compared to BMV R. This observation suggests that different factors modulate the efficiency of the first obligatory strand transfer in HIV-1 and the homology-driven recombination in RNA viruses.
INTRODucTION
In retroviruses, template switching events are inseparable elements of their replication cycle (Holland et al., 1992) . At least two strand transfers are required to convert HIV-1 (family Retroviridae, subfamily Orthoretroviridae, family Lentivirus, species Human immunodeficiency virus 1) single-stranded genomic RNA into functional doublestranded DNA that is subsequently integrated into the host genome as proviral DNA. The template switching events are also indispensable elements of RNA recombination, which commonly occurs in all types of RNA viruses and retroviruses, and is considered one of the main driving forces of their rapid evolution (Chare & Holmes, 2006; Urbanowicz et al., 2005; Figlerowicz et al., 2003; Borja et al., 1999; Worobey & Holmes, 1999; Nagy & Simon, 1997; Greene & Alison, 1996 Lai, 1992; Strauss & Strauss, 1988) . There are several lines of evidence that template switching by viral polymerase (a copy-choice mechanism) is responsible for the creation of the numerous recombinant forms of HIV-1 circulating worldwide and for the existence of HIV-1 quasi-species (Smyth et al., 2012; Fisher et al., 2010; Powell et al., 2010) . The copy-choice model of RNA recombination assumes that two factors are of special importance: (i) the template switching capacity of viral polymerase and (ii) the presence of recombinationally active sequences within donor and acceptor templates. Accordingly, it has been demonstrated that one can affect the crossover frequency as well as the location of recombinant junction sites by introducing specific mutations either in viral polymerase (Alejska et al., 2001; Figlerowicz et al., , 1997 Cornelissen et al., 1997; ) or in the donor and acceptor RNA molecules . So far only a few studies comparing the recombination activity of different viruses have been carried out (Chare & Holmes, 2006; Alejska et al., 2005; Shapka & Nagy, 2004; Cheng & Nagy, 2003) . Consequently, the question if there are any general rules controlling RNA recombination remains open.
In this paper, we focused on the first obligatory strand transfer involving two copies of HIV-1 R region placed one each at the 5′ and 3′ ends of viral genomic RNA (Fig. 1A) . After the reverse transcription the R regions become a part of 5′ and 3′ long terminal repeats (5′ and 3′ LTRs) which enable the integration of the viral double stranded DNA (dsDNA) with the host genome. After the integration, 5′ LTR serves as a promoter binding transcription factors and other regulatory proteins indispensable for the expression of HIV-1 genes. Under natural conditions, the first obligatory strand transfer occurs just at the beginning of the HIV-1 replication cycle. This process is initiated when the virus-encoded reverse transcriptase (RT) starts the minus DNA strand synthesis using host tRNALys3 as a primer. The primer binds to the PBS (Fig. 1A ) located about 180 nucleotides from the 5′-end of the RNA genome and RT undertakes the synthesis of so-called minus strand strongstop DNA (Marque et al.,1995) . After reaching the 5′-end of the genome, RT most probably dissociates from the template and the single stranded DNA (ssDNA) is transferred to the 3′-end of the RNA genome (Muchiri et al., 2011; Berkhout et al.,2001) . Upon the strand transfer, RT continues the synthesis until the full-length minus DNA strand is completed. The first strand transfer, also called the minus strand transfer, involves hybridization between the ssDNA and the 5′-as well as 3′-terminal R region (Fig. 1A) . In addition to the local homology, the other factors considered to be necessary for the first strand transfer are the DNA polymerase and RNase H activity of HIV-1 RT. Due to the RNase H activity of HIV-1 RT, the copied RNA template is cleaved and removed from the nascent DNA. As a result, the unpaired ssDNA fragment is available for hybridization with the acceptor template (3′-R region). Another important element involved in the first strand transfer is HIV-1-encoded nucleocapsid protein (NC). NC has been proven to strongly facilitate the complementary nucleic acid annealing and strand exchange by destabilizing the secondary structures present in R region (Guo et al.,1997) (Fig. 1A, B) .
HIV-1 R encloses the TAR hairpin and part of the polyA hairpin (Fig. 1A, B ) and is considered a recombinationally active sequence (Moumen et al., 2001) . Previously, it has been postulated that the entire HIV-1 leader sequence (nucleotides 1-368) might regulate reverse transcription, including the first obligatory strand transfer by adopting two alternative conformations: LDI and BMH (Berkhout et al., 2002 (Fig. 1A, C) .
Taking into account a macroscopic description of the first obligatory strand transfer, its high similarity to the homology-driven recombination occurring in RNA viruses can be postulated . Both processes involve homologous RNA templates and are mediated by viral polymerases. Earlier it has also been shown that homologous RNA recombination strongly depends on RNA primary and secondary structures. Accordingly, several recombinationally active RNA motifs located in viral genomes have been identified Bruyere et al., 2000; . On the basis of these observations, we attempted here to determine to what extent the effectiveness of the first obligatory strand transfer relies on the recombination activity of HIV-1 R.
To this end, we investigated the in vitro recombination activity of HIV-1 R and assessed if this activity is affected by the conformational dynamism of the HIV-1 leader sequence. In addition, we tested whether HIV-1 R can efficiently induce in vivo recombination if inserted into the genome of a non-related plant RNA virus (family Bromoviridae, genus Bromovirus, species Brome mosaic virus -BMV). Moreover, to assess the template switching capacity of HIV-1 RT, we have analyzed whether this enzyme is capable of producing recombinants in a reaction involving a well-characterized recombinationally active sequence derived from the BMV genome (BMV R). In general, the collected data suggest a relatively low recombination activity of HIV-1 R.
MATeRIAls AND MeTHODs
Materials. pUC19 was purchased from Novagen, restriction enzymes and dNTPs from Promega, Taq DNA polymerase and MMLV reverse transcriptase from MBI Fermentas, RNA was obtained using MEGAshortscript T7 kit (Ambion, Austin, TX, USA). [α 32 P]dCTP was purchased from ICN. Primers were synthesized by IBB PAS. HIV-1 RT was obtained as previously described by Kurzyńska-Kokorniak et al, (2002) . pLDI and pBMH plasmids are generous gifts from B. Berkhout (Berkhout et al., 2002) .
Plasmids. In order to obtain plasmids containing cDNA of the donor and acceptor RNA templates to be tested in vitro, appropriate fragments of the HIV or BMV genome were inserted into pUC19 vector under the control of T7 RNA polymerase promoter. As a result, the following plasmids were generated: pHIV-1Rd containing a 137-nt fragment of HIV-1 5′ UTR (97-nt HIV-1 R with 40-nt portion of downstream region U5); pHIV-1Ra containing a 116-nucleotide part of HIV-1 3′ UTR cDNA (97-nt HIV-1 R with 19-nt portion of upstream region U3); pBMVR2d containing a BMV-derived sequence located in RNA2 between positions 2640 and 2865 (fragment including BMV R); pBMVR3a containing a BMV-derived sequence located in RNA3 between positions 1763 and 1961 (fragment including BMV R). To prepare pMatHIVR-RNA3 (containing a full-length cDNA of BMV Mat-HIVR-RNA3), plasmid pMat0-RNA3 was digested with MluI and EcoRV endonucleases and the deleted fragment was replaced with MluI-EcoRV-digested 137-nt cDNA corresponding to the 5′ end of HIV-1 genomic RNA. The latter was amplified by PCR from the pHIVR-1d plasmid with primers HIVD5Mlu and HIVD3Eco. Modified pMat0-RNA3 was then digested with SpeI and the deleted fragment was replaced by the SpeI-cut cDNA fragment corresponding to the 116-nucleotide part of 3′ HIV-1 UTR cDNA, amplified by PCR from the pHIVRa plasmid with primers HIV A5Spe and HIVA3Spe.
Synthesis of RNA donor and acceptor templates. All RNAs were obtained via in vitro transcription from corresponding DNA templates. The DNA templates for transcriptions were synthesized by PCR involving specific primers and above-mentioned plasmids containing selected fragments of the HIV-1 or BMV genomes.
In vitro recombination assay. The template switching capacity of HIV-1 RT was tested in primer extension reactions. They were carried out in a final volume of 40 μl, with 30 pmol of primer, 10 pmol of the donor template and different amounts of the acceptor template. In each set of the experiments involving the HIV1Rd/HIV-1Ra and BMVR2d/BMVR3a templates, the donor:acceptor molar ratio was as follows: 1:0.5, 1:1, 1:2 and 1:5. In the case of two pairs of templates, BMHd/ BMHa and LDId/LDIa, only the 1:5 donor:acceptor ratio was applied. As a control, reactions involving only a donor or acceptor template were carried out. Before each reaction, the primer and donor (primer HIV3-REC for HIV-1Rd, Lys21 for LDId, BMHd and BMHd and BM-V3REC for BMVR2d) were denatured at 95ºC in 0.05 M Tris/HCl (pH 8.3), 0.01 M MgCl 2 , and 0.075 M KCl and slowly cooled (with a cooling rate of 1.0°C/min). When the reaction mixture reached 37ºC, 6 μg of HIV-1 RT was added and the mixture was incubated for further 5 min. Finally, an acceptor, 20 U of ribonuclease inhibitor and a dNTPs mixture (50 μM dATP/dGTP/dTTPmix, 25 μM dCTP, 0.3 μl [α 32 P]dCTP 3000 Ci/mmol) were added. After a 45-minute incubation at 37°C, the reactions were stopped by the addition of one volume of the urea loading dye (0.25% bromophenol blue and 0.25% xylene cyanoll FF in 7 M urea). For every pair of RNA templates, the experiment was repeated at least three times. Products of the primer extension reactions were denatured by heating at 95°C and fast cooling on ice, separated by electrophoresis in an 8% polyacrylamide denaturing gel (in case of > 100-nt products) or in a 12% polyacrylamide denaturing gel (in case of < 100-nt products) and visualized using a Typhoon phosphorimager. The efficiency of recombination (% of transfer product in total product of primer extension reaction) was quantified by the ImageQuant software. Recombination products were extracted from the gel and amplified with donor-, acceptor-or recombinant-specific primers containing EcoRI and PstI restriction sites. The PCR products were digested with EcoRI and PstI, and ligated into pUC19 vector. The ligation mixture was used to transform DH5α E. coli cells and individual clones were sequenced.
In vivo recombination assays. The recombination activity of HIV-1 R was tested in a well-established BMV-based recombination system according to previously described procedure . Briefly, BMV genomic RNAs (RNA1, RNA2 and RNA3) were obtained by in vitro transcription for which EcoRI-linearized plasmids pB1TP3, pB2TP5, and pMat-HIVR-RNA3 were used. Chenopodium quinoa plants (a local lesion host for BMV) were mechanically inoculated with mixtures containing BMV RNA1, RNA2 and Mat-HIVR-RNA3. Two weeks post-inoculation, the number of lesions developed on each inoculated leaf was counted and compared with the number of lesions that appeared after wtBMV infection. To test the recombination activity of the BMV mutant, individual local lesions were excised from the plant leaves and total RNA was extracted separately from each lesion. The isolated RNA was subjected to RT-PCR involving primer 1st and primer 2nd specific for the 3′-portion of RNA3 (the fragment where the tested sequences were located). As a control, RT-PCR reactions involving either the parental Mat-HIVR-RNA3 transcript (positive control) or water (negative control) were carried out. The RT-PCR products were analyzed by electrophoresis in a 1.5% agarose gel, cloned into pUC19 vector and sequenced.
ResulTs

HIV-1 R recombination activity
The ability of HIV-1 R to mediate template switching by HIV-1 RT was tested in reactions involving: 137-nt HIV-1Rd donor RNA (representing 5′ end of HIV-1 genome between positions 1 and 137), different amounts of 116-nt HIV-1Ra acceptor RNA (representing 3′ end of HIV-1 genome between positions 9516 and 9632) and donor-specific primer HIV3REC (complementary to the 3′ end of the donor template between positions 108-132, Fig. 2A-C) . In the individual reactions, the donor:acceptor molar ratio was changed as follows: 1:0,5, 1:1, 1:2 and 1:5. Both the donor and acceptor shared the 97-nt HIV-1 R sequence, thus during the primer extension reactions HIV-1 RT could synthesize either a 137-nt ssDNA complementary to the donor template (product F HIV-1 R ) or it could switch to the acceptor, within HIV-1 R, and produce a 178-nt recombinant (product T HIV-1 R ). To estimate the locations of the crossovers, four singlenucleotide marker mutations were introduced into the acceptor template. They were distributed along the entire R region (Fig. 2D) .
A polyacrylamide gel electrophoresis of the products formed in the primer extension reactions revealed that the amount of T HIV-1 R (putative recombinant) grew proportionally with the increase in the acceptor concentration (donor concentration was constant). The maximal efficiency of T HIV-1 R formation was ca. 8% of the total product (Fig. 2B, C) . To better characterize the two main products of the primer extension reactions (product F HIV-1 R and T HIV-1 R ), they were extracted from the gel and used as templates in PCR involving three pairs of primers: donor-specific, acceptor-specific or recombinant-specific. The PCR with F HIV-1 R generated products only for the donor-specific pair of primers, while in the PCR with T HIV-1 R only the recombinant-specific pair of primers worked. Both PCR products were cloned and 25 individual clones of each product were sequenced. This confirmed that product F HIV-1 R had an identical sequence as the donor template, and product T HIV-1 R was recombinant -its 5′-portion derived from the donor and the 3′-portion from the acceptor template. A detailed analysis of the recombined sequences showed that all the crossovers could be classified as precisely homologous. Sixty percent of recombinant junction sites were placed within the 5′-terminal part of R region, after the last marker mutation, 25% were in the penultimate region, in the middle region no crossovers were observed, while in the first and second regions, respectively, 5% and 10% of crossovers were located (Fig. 2D) .
conformational changes within the HIV-1 leader sequence do not affect its recombination activity
The HIV-1 leader sequence encompasses nucleotides 1-368 of genomic RNA and contains several regulatory elements: the TAR hairpin, the polyA hairpin, PBS, the dimerization initiation site (DIS), the splice donor (SD), the core packaging signal (Ψ) and the hairpin containing the start codon and part of the GAG open reading frame (Fig. 1A) . As it was mentioned before, the leader sequence can exist in two alternative conformations , Fig. 1C ). The first more stable LDI is formed by extensive long-distance base pairing between polyA and DIS. The second one, BMH, is adopted in the presence of nucleocapsid protein and consists of several hairpin motifs. The BMH conformation exposes the polyA and the DIS hairpins, enabling the dimerization of HIV-1 genomic RNAs. Considering the fact that conformational changes occurring within the leader sequence can regulate HIV-1 replication ), we attempted to determine if they are also capable of affecting recombination activity of HIV-1 R. Two primer extension reactions were carried out: the one involving a pair of templates with the donor RNA in the LDI conformation, and the second with an analogous pair of templates with the donor adopting the BMH conformation. Both donors (LDId and BMHd) corresponded to nucleotides 1-368 and the acceptors (LDIa and BMHa) to the last 125 nucleotides (nucleotides 9507-9632) of HIV-1 genomic RNA. Since the wild type leader sequence folds in the LDI structure, a few modifications were introduced into BMHd to enforce alternative structure formation, namely: U99 was substituted by C and U91 and C96 were deleted (Berkhout et al., 2002; . Electrophoresis of the LDId and BMHd templates in a native polyacrylamide gel proved that they indeed existed in different conformations (Fig 3A) . The in vitro recombination assays were done according to a previously described procedure. In all reactions the same donor:acceptor ratio (1:5) was used. The expected length of the product of primer extension on the donor template was 202 nt (F HIV BMH or F HIV LDI ), and the length of the recombination product was 235 nt (T HIV BMH or T HIV LDI ).
The reaction mixtures were separated by polyacrylamide gel electrophoresis and radioactive products were visualized and quantified with a phosphorimager (Fig.  3B, C) . Each band was cut out from the gel, DNA was extracted, amplified and cloned. The sequencing of individual clones revealed that the bands marked as F HIV BMH and F HIV LDI contained amplified donor templates (BMHd and LDId), while bands marked as T HIV BMH and T HIV LDI contained recombinants. The band marked as S HIV LDI contained the so-called LDId self-priming product. Its formation has been described previously (Discroll et al., 2000) . The analysis of T HIV BMH and T HIV LDI accumulation showed that the conformation adopted by HIV-1 leader sequence did not influence its recombination activity. However, the entire leader sequence facilitated template switching by HIV-1 RT much better than did HIV-1 R alone (20% compared to 8%; Fig. 3D and Fig. 2C , respectively).
Template switching capacity of HIV-1 RT
There are two major factors affecting the efficacy of RNA-RNA recombination: the structure of the donor and acceptor templates and the template switching capacity of viral polymerase. In order to determine which of them was responsible for the relatively low recombination frequency observed during our in vitro experiments with HIV-1Ra/HIV-1Rd templates, we used a hybrid recombination system. It was composed of HIV-1 RT and well-characterized, recombinationally active RNA motifs identified earlier in BMV (Nagy & Bujarski, 1995) . These BMV-derived motifs are located within 3′UTRs of BMV RNA2 and RNA3 and are called BMV R2 and BMV R3, respectively (Fig. 4A) . Both BMV Rs share a 60-nt highly homologous sequence followed by a 7-nt sequence of reduced homology. Similar to HIV-1 R, a putative secondary structure adopted by BMV R2/3 contains two hairpins called G and H (Nagy & Bujarski, 1995;  Fig 4B) .
The template switching capacity of HIV-1 RT was tested in vitro in primer extension reactions involving two RNA templates: a 225-nt donor RNA (BMVR2d corresponding to nucleotide 2640-2865 of BMV RNA2) and a 214-nt acceptor RNA (BMVR3a encompassing nucleotide 1763-1961 of BMV RNA3, plus a 16-nucleotide sequence added by PCR involving primers T 7 and MB3RNA3) (Fig. 4C-E) . The expected recombined product was 364 nt long. Four single-nucleotide mutations present in BMV R3: 1960 C→A, 1946 U→G, 1921 A→G and 1912 A→G (the number of nucleotide corresponds to its location within genomic RNA3) let us estimate the crossover location within the highly homologous 60-nt region (Fig. 4F) . The products of the primer extension reactions were separated in a polyacrylamide gel and analyzed with a Phosphorimager (Fig. 4D, E) . Two main products of the primer extension reactions (products F BMV R and T BMV R ) were extracted from the gel and amplified by PCR involving donor-, acceptor-and recombinant-specific pairs of primers. The PCR with F BMV R generated products only for the donor-specific pair of primers, while the PCR with T BMV R worked only if the recombinant-specific pair of primers was used. Both PCR products were cloned and sequenced. This confirmed that product F BMV R had an identical sequence as the donor template, and product T BMV R was recombinant -its 5′-portion derived from the donor and 3′-portion from the acceptor template. The average yield of recombined product synthesis calculated for the reactions with the highest amount of acceptor template (donor:acceptor molar ratio 1:5) reached approximately 30% (Fig. 4D, E ). An analysis of the marker mutations present within cloned PCR products demonstrated that all the crossovers were precisely homologous. Sixty percent of the crossovers occurred at the very end of BMV R region within the short sequence (7 nt) showing the reduced level of homology. Twentyseven percent and 16% of the crossovers took place in the third and fourth region, respectively (Fig. 4F) .
HIV-1 R recombination activity in heterologous in vivo system
To further characterize the recombination activity of HIV-1 R, we applied a described-earlier BMV-based in vivo recombination system (Fig. 5A) . The BMV genome consists of three single stranded RNA molecules, RNA1, RNA2 and RNA3. Based on our earlier observations, we created a BMV RNA3 mutant, called Mat-HIVR-RNA3, containing two copies of 97-nt HIV-1 R located within its 3′ UTR (5′HIVR and 3′HIVR). The 5′ and 3′ HIVRs were separated by a spacer sequence of about 350 nt. Additionally, marker substitutions were introduced within 5′HIV-1 R (the same as in HIV1Ra, Fig 2D) to allow us to map the location of recombinant junction sites. We had demonstrated earlier that analogous Mat-RNA3 mutants carrying recombinationally active sequences (located in the same positions as 5′HIVR and 3′HIVR were placed in Mat-HIVR-RNA3) effectively supported homologous recombination in BMV . As a result, RNA3 recombinants lacking one homologous region and the whole 350-nt spacer were formed. Because they replicated and accumulated better than the parental RNA3 mutants, the latter were out-competed from the infected plants.
Chenopodium quinoa plants (a local lesion host for BMV) were inoculated with wtRNA1, wtRNA2 and Mat-HIVR-RNA3 transcripts, all the viral components necessary to initiate BMV infection. After two weeks, when the symptoms of infection developed, the lesions formed on every inoculated leaf were counted to estimate the infectivity of the BMV mutant. Forty individual local lesions were excised and total RNA was extracted separately from each of them. Then, the 3′-portion of RNA3 progeny accumulating in examined lesions was selectively amplified by RT-PCR involving RNA3-specific primers 1st and 2nd, flanking the analyzed sequence. The reaction products were separated in a 1.5% agarose gel and their length was determined. The formation of about 800-or 400-500-nt DNA fragments indicated that the lesion contained parental or recombinant RNA3, respectively. The parental-type molecules were detected only in ten local lesions, four lesions contained RNA3 recombinants, while no virus was detected in the remaining 26 local lesions. The RT-PCR-amplified 3′-fragments of RNA3 recombinants (the region where crossovers occur) were cloned and sequenced. As a result, we identified two different types of recombinants. An analysis of their sequences showed that none of them was formed according to the anticipated scenario (HIV-1 R-mediated homologous recombination, see Fig. 5B ). Instead, both of them were classified as nonhomologous recombinants and contained a different-size deletion in their 3′ UTRs. In the first type the whole spacer sequence was deleted. The second type encompassed the last 120 nucleotides of the spacer sequence, 3′R and 155 nucleotides of 3′ UTR.
DIscussION
HIV-1 R plays a key role in the first obligatory stand transfer during the conversion of retroviral genomic RNA into ssDNA. Consequently, HIV-1 R has been considered a homologous recombination hot-spot (Moumen et al., 2001) . To verify this presumption, we constructed an experimental system allowing us to test the HIV-1 R recombination activity in separation from other factors contributing in the first obligatory strand transfer ( Fig. 2A) . Surprisingly, our experiments revealed a rela- In our studies we used the described-earlier Mat-BMV mutant . In this mutant specific modifications were introduced only in genomic BMV RNA3. Thus, the system is composed of wtRNA1, wtRNA2 and altered RNA3. Mat-RNA3 has unchanged 5'-noncoding, intergenic and coding regions. The tested homologous sequences (white boxes) are inserted into the 3'-noncoding region and separated by a spacer. As a result, the 3'-noncoding region in Mat-RNA3 is much longer than in wtRNA3. To assess recombination activity of HIV-1 R we constructed MatHIVR-RNA3. This molecule contains 5' and 3' HIV1-R as tested sequences. (B) The anticipated scenario of HIV-1R-mediated recombination. BMV polymerase initiates nascent RNA strand (dotted line) synthesis at the 3'end of MatHIVR-RNA3. When the polymerase reaches R region it can switch to the homologous region located in the same or other Mat-RNA3 molecule. The resulting RNA3 recombinant lacks one homologous sequence and whole spacer. Because the recombinant replicates and accumulates much better than the parental MatHIVR-RNA3, the latter is easily outcompeted.
tively low recombination activity of the 97-nt HIV-1 R (approximately 8%, Fig. 2B, C) , compared to the recombination activity of 60-nt BMV R (approximately 30%, Fig. 4D, E) . HIV-1 RT-mediated recombination was the more frequent (up to 20%, Fig. 3B-D) when expanded templates containing the whole HIV-1 leader were used.
We also found that the HIV-1 R sequence was not capable of supporting BMV polymerase-mediated homologous recombination in vivo. Certainly, one can question if there is any biological meaning behind this observation. There is no doubt that the BMV-based in vivo system cannot be used to study the complex mechanisms underlying the formation of HIV-1 recombinants in human cells. This system, however, seems to be perfect for the assessment of the recombination activity of isolated RNA sequences. It has been designed in such a way that the tested sequence-induced recombination repairs a defective BMV RNA3 molecule (Fig. 5) . The repaired RNA3 recombinants are favored by the selective pressure. They replicate and accumulate better than the parental RNA3 and can be easily detected. Accordingly, one can expect that in the employed BMV-based system recombinants are generated provided that the tested sequences are capable of inducing template switching by the viral polymerase.
Earlier it was postulated that the structural polymorphism of the HIV-1 leader may influence the first strand transfer (Berkhout et al.,2002 . However, in our in vitro experiments the frequency of recombination was not affected by the leader conformation (BMH or LDI). In natural conditions, the LDI-BMH transformation is enforced by the chaperone activity of viral NC protein ). Recently, it has also been demonstrated that some cellular proteins may bind HIV-1 RNA/DNA and facilitate the first strand transfer (Warrilow et al., 2010) . Therefore, one can conclude that several other factors in addition to the local sequence homology and leader structure are involved in this process. The leader region and the nascent DNA might function as a platform enabling the attachment of viral and host proteins modulating the template switch by HIV-1 RT. It seems that the first obligatory strand transfer is a much more complex process than a simple RNA structure-driven RNA recombination.
The data collected so far suggest that stable secondary structures are the major factor that reduces the recombination activity of homologous RNA molecules . Two hairpins exist in the both tested sequences, HIV-1 R and BMV R (Fig. 1C,  4B) . However, the hairpins present in HIV-1 R are much more stable than those formed within BMV R. The conditions of in vivo experiments could additionally increase the stability of the HIV-1 R secondary structure and, consequently, completely inhibit homologous recombination in planta. Earlier it was shown that the insertion of a stable stem-loop structure between the G and H hairpins in BMV R negatively influenced the frequency of BMV recombination (Olsthoorn et al., 2002) . A positive correlation between the efficiency of template switching by HIV-1 RT and the increasing temperature of primer extension reaction has also been observed. Moreover, mutations destabilizing the TAR and polyA hairpins stimulated strand transfer, while it was inhibited by mutations stabilizing the polyA hairpin Klavier & Berkhout, 1994) . Congenial results were obtained when the recombination activity of two hepatitis virus C (HCV)-derived sequences (highly structured region X and less stable hypervariable region 1) was tested in the BMV-based recombination system described above. The HCV region X adopting a very stable structure did not support recombination and the less structured HVR1 efficiently mediated homologous crossovers (55% of progeny RNA was classified as recombinants . All four BMV RNA3 recombinants identified in our in vivo assays were products of nonhomologous recombination. This rare process occurs in BMV approximately 10-times less often than homologous recombination (Nagy & Bujarski, 1992) . The nonhomologous recombinants were fitter than the parental Mat-HIVR-RNA3 (they probably replicated better than the parental molecules), thus the latter was outcompeted from plant cells. The absence of the virus in more than half of the local lesions (26 out of 40 lesions) also indicated that parental type Mat-HIVR-RNA3 was unable to replicate effectively and accumulated poorly in the plant. Most probably, the HIV-1 R secondary structure was too stable to allow not only the homologous template switching during BMV RNA replication, but it also negatively influenced the replication itself by blocking BMV RdRp movement.
Our in vitro assays showed that the HIV-1 RT-mediated crossovers predominantly occurred in 5′-terminal parts of the HIV-1 R and BMV R regions ( Fig. 2D and 4F ). The majority of the crossovers were located just at the very end of the donor templates. Their location might indicate that HIV-1 RT most effectively cleaves the donor template when it stops after reaching the HIV-1Rd/ BMVRd 5′ end. In such a situation, when other factors enhancing recombination are absent, template switching by viral polymerase depends on the acceptor capacity to replace the partially digested donor. Earlier it was demonstrated that the latter process can be effectively improved by AU-rich regions, within which donor-nascent strand interactions are weaker. The 5′ portion of BMV R is a region of this type (Fig. 4F) . In contrast, the 5′ portion of HIV-1 R cannot be classified as an AU-rich sequence (Fig. 2D) . Consequently, the 5′ fragment of BMV R much better supports homologous recombination than the analogous fragment of HIV-1 R.
In the case of HIV-1 R, a number of crossovers were also located in the proximal part of the sequence, namely 5% in the first and 10% in the second part (Fig.  2D) . In vitro assays carried out by Berkhout′s group showed that approximately half of the identified crossovers occurred in the 3′ portion of HIV R -before the HIV-1 RT reached the 23rd nucleotide of the HIV R region . This might be a consequence of the reverse transcriptase being stopped by the strong polyA or TAR hairpins (Fig. 1B) and thus allowing extensive RNA cleavage by RNase H (Purohit et al., 2005) . RNA secondary structures impede the movement of reverse transcriptase along the template and thus enhance its digestion, since the rate of cleavage is up to 10 times lower than the rate of DNA synthesis (Hanson et al., 2005; Kati et al., 1992) . The generated fragments of unpaired ssDNA could then be invaded by the acceptor RNA and the synthesis would be continued using the acceptor RNA (Chen et al., 2005) . In the case of the BMV R region, the G and H hairpins are much weaker (Fig. 4B) . They could not efficiently slow down HIV-1 RT and enhance the donor template digestion by RNase H which would have increased the possibility of hybridization between a the nascent ssDNA strand and an acceptor RNA template. This fact may explain why crossovers were not found in the 3′ portion of the BMV R region.
Here we provided a new piece of evidence that the recombination activity of the HIV-1 R region contrib-utes little to the first obligatory strand transfer during HIV-1 genomic RNA reverse transcription. Doubtless, several other factors are also involved in the studied phenomenon. Accordingly, it should be considered as a well-synchronized complex process composed of the following events: enforcement of a proper leader structure by NC; RT pausing at a stable hairpin structure or at the HIV-1 R 5′ end; RNA template degradation by RNase H; RT stalling and ssDNA exposing; nascent ssDNA strand hybridization with 3′-R region; DNA/RNA hybrid propagation; template replacement. It seems that the relatively low recombination activity of HIV-1 R might in fact be necessary to prevent unwanted template switching events. Numerous factors involved in the first obligatory strand transfer can ensure an effective and strict regulation of this important step of HIV-1 replication.
